NMR Assignments and Structure of the I-domain from the Bacteriophage P22 Coat Protein by Rizzo, Alessandro A
University of Connecticut
OpenCommons@UConn
Master's Theses University of Connecticut Graduate School
5-8-2013
NMR Assignments and Structure of the I-domain
from the Bacteriophage P22 Coat Protein
Alessandro A. Rizzo
UCONN, alex.rizzo2000@gmail.com
This work is brought to you for free and open access by the University of Connecticut Graduate School at OpenCommons@UConn. It has been
accepted for inclusion in Master's Theses by an authorized administrator of OpenCommons@UConn. For more information, please contact
opencommons@uconn.edu.
Recommended Citation
Rizzo, Alessandro A., "NMR Assignments and Structure of the I-domain from the Bacteriophage P22 Coat Protein" (2013). Master's
Theses. 400.
https://opencommons.uconn.edu/gs_theses/400
 i
NMR Assignments and Structure of the I-domain from 
the Bacteriophage P22 Coat Protein 
 
 
 
 
 
 
 
Alessandro A. Rizzo 
 
 
 
B.S., University of Connecticut, 2011 
 
 
 
 
 
 
 
 
 
 
A Thesis 
 
Submitted in Partial Fulfillment of the 
 
Requirements for the Degree of 
 
Master of Science 
 
at the 
 
University of Connecticut 
 
2013 
 
 
 
 
 
 
 
 
 ii
APPROVAL PAGE 
 
 
Masters of Science Thesis 
 
 
NMR Assignments and Structure of the I-domain from the 
Bacteriophage P22 Coat Protein 
 
 
 
Presented by 
 
Alessandro A. Rizzo, B.S. 
 
 
 
 
 
 
Major Advisor________________________________________________________________ 
Dr. Carolyn M. Teschke 
 
 
 
Associate Advisor_____________________________________________________________ 
Dr. Andrei T. Alexandrescu 
 
 
 
Associate Advisor_____________________________________________________________ 
Dr. Nathan N. Alder 
 
 
 
 
 
University of Connecticut
 
2013 
 
 
 iii 
Acknowledgments 
 
I would like to thank my advisor Carol Teschke for supporting me during the past 
two years. 
 
I would like to thank current and former lab members and collaborators who have 
provided help and guidance. 
 
I would like to thank Andrei Alexandrescu for helping me with protein NMR. 
 
I would like to thank Mark Maciejewski for helping me collect data and Vitaliy 
Gorbatyuk for helpful discussions on use of ARIA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv
Table of Contents 
 
 
Approval Page ii 
Acknowledgments iii 
Table of Contents iv 
Abstract vi 
 
Chapter 1: Introduction to P22 and the I-domain 1  
1.1 Bacteriophage P22 1 
1.1.1 Background on P22 1 
1.1.2 P22 coat protein 1 
1.1.3 Assembly and maturation 2   
1.2  Purpose of study 3  
1.3  Role of accessory domains and proteins in virus capsids 7 
 
Chapter 2:  NMR assignment of the I-domain 16 
2.1  Introduction to assignments  16 
2.2  Materials and methods  16 
 2.2.1 Expression and purification 16 
 2.2.2 NMR spectroscopy samples and experiments 18  
2.3  Assignment strategy  18 
 2.3.1  Suitability for NMR  18 
 2.3.2  Backbone assignment strategy 19 
 2.3.3  Side-chain assignment strategy 22 
2.4  Results  24 
 2.4.1  Secondary structure  24   
 2.4.2  Hydrogen-deuterium exchange 25 
2.5  Conclusions and future work  26 
 
Chapter 3:  NMR structure of the I-domain 39 
3.1  Introduction to NMR structure determination and ARIA 39 
3.2  Materials and methods  42 
 3.2.1 Distance restraints  42 
 3.2.2 Dihedral restraints  42 
 3.2.3 Hydrogen bonds  42 
  3.2.3.1 Long-range HNCO 42 
  3.2.3.2 Perdeuteration of the I-domain 43  
  3.2.3.3 Hydrogen bond restraints 44  
 3.2.4 Residual dipolar couplings 44 
  3.2.4.1 Introduction to RDCs 45 
  3.2.4.2 Gel preparation 45 
  3.2.4.3 Other alignment techniques 46 
  3.2.4.4 Data collection and analysis 47 
 v
3.3 Results, conclusions, and future work 47 
  
Appendices  56 
A-1 D-loop deletions 56 
A-2 NMR of P22 scaffolding protein 57 
A-3 Other important protocols 60 
 
References  61 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vi
Abstract 
 
 The P22 coat protein has the HK97 fold at its core, but also has an additional 
domain on the surface of the capsid. Two recent cryo-EM structures at ~8 Å and ~4 
Å resolution show different folds for this domain.   The structure and function of this 
domain has been debated in the literature.   
 NMR spectroscopy was used to determine a high-resolution structure of this 
domain.  Here, the domain is called the ‘insertion’ domain (I-domain).  The structure 
is a six-stranded β-barrel with a small helix and belongs to a 
reductase/isomerase/elongation factor folding family.   
 Compared to the previous cryo-EM reconstructions, the NMR structure bears 
both similarities and differences.  The core fold is different, but the NMR structure 
does resemble the 8 Å structure in its significant β-sheet content, and the 4 Å 
structure in the existence of a large loop (the D-loop).  The function of the domain is 
still unresolved, although structural homology to domain II of eiF2-γ (a 
transcription factor that may bind tRNA) may be significant. 
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Chapter 1: Introduction to P22 and the I-domain 
 
1.1 Bacteriophage P22 
 
  1.1.2 Background on P22 
 
 P22 is a bacteriophage that infects Salmonella enterica serovar Typhimurium.  
It has a short, non-contractile tail that places it in the order Caudovirales and family 
Podoviridae (Veesler and Cambillau, 2011).  The doubled-stranded DNA (dsDNA) 
phage genome is ~41.8 kbp in length and can exist in the lytic and lysogenic state 
(Casjens and Thuman-Commike, 2011).  Because of the simplicity of P22, this 
bacteriophage has been studied for decades to understand how a complex 
combination of weak protein-protein interactions can mediate the assembly, 
stability, and maturation of dsDNA bacteriophage and related viruses (Susskind and 
Botstein, 1978; Teschke and Parent, 2010).   
  1.1.2 P22 coat protein 
 In P22, the ~60 nm virion (Earnshaw et al., 1976; Jiang et al., 2003) (Figure 
1) has T = 7 icosahedral symmetry (Casjens, 1979) except for a single penton that is 
replaced with the portal complex (Bazinet et al., 1988).  It is composed of 
(primarily) 415 copies of a single protein, the ‘coat protein’.  
 This coat protein (gene product 5, P26747 from UniProt) is a 430 amino acid 
protein that has, at its core, the HK97 fold (Figure 2) despite low sequence 
homology (Jiang et al., 2003).  The HK97 fold is highly conserved in dsDNA 
bacteriophage and viruses, including T4, P22, ϕ29, and also the herpesvirus floor 
domain (Bamford et al., 2005). 
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 The HK97 fold has two domains: an axial domain (A domain) and a 
peripheral domain (P domain), and some accessory structures called the N arm and 
E loop.  The most notable feature of the HK97 fold is the ‘spine helix’.  This is a long 
helix (~40 Å) and is a characteristic feature of the HK97 fold.  In bacteriophage 
HK97, the E loop is a structurally important feature because it contains a critical 
lysine residue (K169) that crosslinks with N356 in an adjacent subunit to stitch 
together the mature virion (Wikoff et al., 2000). 
 In P22, the coat protein has an additional domain, the ‘insertion’ domain (I-
domain), whose structure and function is unresolved in the literature (Chen et al., 
2011; Jiang et al., 2003; Parent et al., 2010; Teschke and Parent, 2010). 
  1.1.3 Assembly and maturation 
 In P22, the assembly of the capsid (Figure 3) from coat protein monomers is 
a nucleation-limited reaction (Prevelige Jr et al., 1993) that requires  a ‘scaffolding 
protein’ for assembly of the correct structure (Casjens and King, 1974; King et al., 
1973).  This scaffolding protein has a helix-turn-helix motif at its C-terminus that 
binds the coat protein (Sun et al., 2000).  This interaction is electrostatic in nature 
(Parent et al., 2005; Parker and Prevelige Jr, 1998) and two residues (R293 and 
K296) in the scaffolding protein are critical for coat protein binding (Cortines et al., 
2011).  The scaffolding protein aids in assembly of an intermediate structure, the 
procapsid. This is a spherical structure and is composed of 415 copies of the coat 
protein, ~250 copies of the scaffolding protein, a portal complex, and the injection 
proteins (Bazinet and King, 1985; Fuller and King, 1981; Hoffman and Levine, 1975; 
King and Casjens, 1974). 
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 To generate an infectious virion, the procapsid undergoes a complex 
maturation process.  The scaffolding protein that aids procapsid assembly is not 
found in the mature virion, but exits intact from the virion during maturation, 
probably through holes in the capsid (Casjens and King, 1974).  The DNA must also 
enter the preformed protein assembly.  It is packaged through the portal complex 
with the help of the small and large terminase proteins using energy provided by 
ATP (Casjens and Weigele, 2005).  The coat protein subunits undergo a 
conformational change that results in an expansion of the head from ~50 nm to ~60 
nm and a thinning of the shell, generating the faceted architecture of the virion 
(Earnshaw et al., 1976; Prasad et al., 1993).  In the final stages, various additional 
proteins are incorporated.  This includes the plug proteins, tail spike, tail needle, 
and other proteins involved in host cell recognition (Casjens and King, 1975; King et 
al., 1973; Teschke and Parent, 2010). 
  1.2 Purpose of study 
 This work was undertaken primarily to help understand the function of the I-
domain in the bacteriophage P22 coat protein.  A common first step in 
understanding the function of a protein is to determine a high-resolution structure.  
This allows for a comparison with other structures of known function and can 
identify similar folds or structural motifs that may help in ascribing a function.  A 
high-resolution structure can also guide mutagenesis experiments. 
 A high-resolution structure of the full-length coat protein is not available.  
While, to this point, crystallization has been impossible and its size has precluded 
NMR, advances in single-particle cryo-electron microscopy (cryo-EM) have allowed 
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structural characterization of the procapsid, expanded head, and virion at medium-
resolution  (less than 1 nm resolution). 
 Jiang et al. (2003) produced the first sub-nanometer resolution cryo-EM 
reconstructions of empty shells (assemblies similar to the procapsid except the 
scaffolding protein has been extracted with guanidine-HCl) (Prasad et al., 1993) and 
mature virion at 8.5 Å and 9.5 Å, respectively, by taking advantage of the icosahedral 
symmetry of the protein assembly.  Guided by a characteristic feature called the 
‘spine helix’, they showed for the first time that the core fold of the coat protein from 
bacteriophage P22 is the HK97 fold, despite a lack of significant sequence homology 
(Figure 4).  While the HK97 capsid protein and the P22 coat protein do contain a 
similar core fold, Jiang et al. (2003) did note that there was extra electron density in 
the P22 coat protein compared to the HK97 fold.  This extra density appeared on the 
outside of the P22 procapsid and virion, facing the environment and its function was 
unknown (Jiang et al., 2003).  This density was later called the ‘extra-density’ 
domain (Chen et al., 2011), the ‘telokin-like’ domain (Parent et al., 2010), and is now 
referred to as the ‘insertion’ domain (I-domain). 
 Parent et al. (2010) also used cryo-EM reconstruction to investigate the 
structure of the P22 coat protein in the empty shell and ‘expanded head’ forms.  The 
expanded head is a heat-treated procapsid that loses its pentons (Teschke et al., 
2003).  This structure resembles the virion and is ideal for the icosahedral averaging 
process used in cryo-EM.  Using cryo-EM reconstruction, the structure of the 
expanded head and empty shells was determined at 7.0 Å and 9.0 Å resolution, 
respectively (Parent et al., 2010). 
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 Parent et al. (2010) went further and traced the backbone of the coat protein 
through the cryo-EM density.  They used a combination of biochemical and 
biophysical techniques, including gold bead labeling (the heavy gold provided 
landmarks in the cryo-EM density), proteolysis (of the N-terminus, which was then 
located based on difference mapping of the full-length cryo-EM density), and mass 
spectrometry, to aid their reconstruction.  
 The resulting structure confirmed the HK97 core of the protein seen in 
previous reconstructions and, in addition, shed further light on the extra density 
seen by Jiang et al. (2003).  Parent et al. (2010) determined that the extra density 
was actually a genetically inserted domain made up of amino acids (~)S223-V345 of 
the coat protein that was found during trypsin digestion (Figure 5).  Because the 
protein telokin came up in a search as the best ‘candidate template’ to fit the cryo-
EM density, they named this extra density the ‘telokin-like’ domain (Parent et al., 
2010).  
 The function of this domain is unknown, and in a review (Teschke and 
Parent, 2010), the I-domain is hypothesized to provide a role in protein folding and 
stability of the coat protein monomer.  Previous research has shown that the C-
terminus (residues 191-429) while the N-terminus (residues 1-190) cannot (Kang 
and Prevelige Jr, 2005). This supports a hypothesis that the I-domain (residues 223-
345) is the folding nucleus of the coat protein as it represents a significant portion of 
the autonomously folding C-terminus.  Its role in stability of the coat protein comes 
from previous research into temperature-sensitive-folding (tsf) amino acid 
substitutions in the coat protein (Casjens et al., 1991; Gordon and King, 1993).  
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These are substitutions that allow generation of mature phage at permissive 
temperatures but result in aggregation of the coat protein at non-permissive 
temperatures. A majority of these known tsf amino acid substitutions are grouped in 
what Parent et al. (2010) identified as the telokin-like domain (I-domain), 
suggesting this domain may have a role in stabilization of the coat protein monomer 
(Teschke and Parent, 2010).  
 Chen et al. (2011) performed another cryo-EM reconstruction of the P22 
procapsid and virion at 3.8 Å and 4.0 Å resolution, respectively (Figure 6).  This 
model agrees in the core HK97 fold from previous work from Parent et al. (2010), 
but the fold of the I-domain (telokin-like domain) is completely different (Figure 7).   
 The model from Chen et al. (2011) did show one functionally interesting 
morphological feature of the coat protein that was not seen in the previous 
reconstructions.  In the I-domain, the electron density showed a large loop, which 
they called the ‘D-loop’.  This loop appeared to make intersubunit contacts across a 
two-fold axis of symmetry and was hypothesized to add stability to the assembled 
procapsid and virion through these intersubunit interactions (Figure 8).  This 
hypothesis is compelling because HK97 introduces chemical crosslinks to its capsid 
during the maturation transition, something P22 does not (Parent et al., 2010).  This 
D-loop, in addition to the N-arm and P-loop intersubunit interactions seen 
previously in The P22 coat protein (Parent et al., 2010), may therefore provide the 
means to stitch together the virion instead of these chemical crosslinks (Chen et al., 
2011).   
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 To help address this discrepancy in the structure of the I-domain, NMR 
spectroscopy was used to determine a high-resolution structure of the I-domain 
from the P22 coat protein (amino acids 223-345).  Ultimately, this work will lead to 
a greater understanding of how accessory domains function in the lifecycle of 
double-stranded DNA bacteriophage and related, higher-order, eukaryotic viruses. 
 1.3 Role of accessory domains and proteins in virus capsids 
 Many other bacteriophage and viruses have accessory domains and proteins 
in addition to the core HK97 fold.  These domains have various roles.  Interestingly, 
in some cases, cryo-EM reconstructions appear to show structures that resemble the 
I-domain from the P22 coat protein (Morais et al., 2005; Parent et al., 2012). 
 The phage Sf6, a close relative of P22, has a coat protein with the HK97 core. 
and also possesses an accessory domain on the surface of its capsid that appears to 
make intersubunit contacts (Parent et al., 2012).  This domain has also been called 
‘telokin-like’ based on a cryo-EM reconstruction at 7.8 Å-resolution.  This domain 
may possess a similar structure and function as the I-domain from P22 and be 
genetically related (Parent et al., 2012).  A high-resolution structure is not available 
for the telokin domain from Sf6’s coat protein. 
 Φ29 is another dsDNA phage whose coat protein has the HK97 fold based on 
a cryo-EM reconstruction.  This phage also has an additional domain that protrudes 
out from the capsid surface toward the environment.  Based on this cryo-EM 
reconstruction, the structure of this domain is primarily β-sheet and is called ‘BIG2-
like’.  The apparent resemblance of this domain in its β-sandwich BIG2 fold from the 
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cryo-EM fitting to the I-domain suggests it could be genetically related.  There is no 
high-resolution structure for this domain (Morais et al., 2005). 
The functions are more varied in many cases.  Bacteriophage HK97 has its 
scaffolding protein in the same gene as its coat protein (residues 1-103).  This 
domain (the Δ-domain) is proteolytically cleaved during maturation (Conway et al., 
1995).  Other dsDNA bacteriophages have Ig-like domains in their virus coat 
proteins.  These domains are usually found on the surface of the capsid, and may be 
involved in cell surface carbohydrate binding (Fraser et al., 2007).   
 The eukaryotic Herpesviruses also have the core HK97 fold in the capsid 
protein and contain additional domains (Baker et al., 2005).  In this case, the 
additions likely function to counteract the complex immune systems found in 
eukaryotic organisms (Bamford et al., 2005).  Herpes simplex virus 1 also has 
accessory proteins on its capsid surface.  The heterotrimer, ‘triplex’ protein is 
composed of two molecules of protein VP23 and one molecule of VP19C and is 
required for assembly.  These triplex proteins make intersubunit contacts in the 
mature capsid and may increase the stability of the capsid (Okoye et al., 2006). 
 Bacteriophage T4’s capsid protein has the HK97 fold, and accessory domain, 
and two accessory proteins called ‘hoc’ and ‘soc’.  Again, the insertion domain 
probably acts to stabilize the virion through intersubunit interactions (Fokine et al., 
2005).  In this case, however, the fold of the insertion domain is clearly different 
from the I-domain from P22 and the accessory domains in Sf6 and ϕ29.         
 Neither accessory protein is required for correct capsid assembly (Ishii and 
Yanagida, 1977).  Soc appears to be involved in stabilization of the capsid.  It binds 
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at the last step of maturation and makes intersubunit contacts that serve to ‘glue’ 
the capsid together.  Studies have shown that deletion of the soc gene reduces the 
stability of the T4 capsid (Ishii and Yanagida, 1977; Qin et al., 2010; Ross et al., 
1985).   
 The function of the hoc protein is less well described.  The structure of three 
out of the four domains has been solved and all have Ig-like folds.  Thus the function 
of this domain may be to attach to carbohydrates on a eukaryotic cell surface and 
wait to infect a symbiotic bacterium.  In addition, deletion of the hoc gene causes the 
T4 capsid to aggregate more readily than wild-type.  The charges on the hoc surface 
may also serve to help keep the phage capsids dispersed (Fokine et al., 2011). 
 Overall, the addition of accessory proteins and domains in dsDNA 
bacteriophages and viruses with the HK97 fold is common.  The functions are 
varied, although in two cases highlighted above, the function is most likely to add 
stability to the assembled protein capsid through intersubunit interactions.  In 
addition, the evolutionary relatedness of the telokin domain from Sf6 and the BIG2 
domain from Φ29 with the I-domain from P22 coat protein is an open question. 
High-resolution structures may be able to give clues where sequence homology fails.  
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Figure 1.  Asymmetric cryo-EM reconstruction of the P22 virion.  The capsid is 
pictured in blue.  The I-domain protrudes from the outside of the capsid toward the 
environment (red arrows).  Modified from Lander et al. (2006). 
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Figure 2.  A comparison of the capsid protein structure from HK97 (A) and the coat 
protein cryo-EM model of P22 (B).   The cryo-EM structures of the P22 coat protein 
indicate that it has, at its core, the HK97 fold.  There is also an additional domain 
that is absent in HK97 that is colored in magenta panel B.  Modified from Teschke 
and Parent (2010). 
 
Figure 3.  Assembly pathway of the bacteriophage P22 capsid.  Scaffolding protein, 
portal protein, and coat protein co-polymerize forming the procapsid intermediate.  
The procapsid then undergoes a maturation event during which the DNA is 
packaged and the fully infectious virion is formed.  Modified from Teschke and 
Parent (2010). 
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Figure 4.  The crystal structure of HK97 coat protein is pictured in Panel A.  This 
crystal structure is fit into the cryo-EM density from the reconstruction by Jiang et 
al. (2003) and indicates that P22 coat protein has the same core fold as the HK97 
capsid protein.  The area labeled 'ED' in Panel B is the I-domain that is studied here.  
Modified from Jiang et al. (2003). 
 
 
 
 
Figure 5. The sequence on top shows the relative location of the different domains in 
the P22 coat protein, including the location of the inserted telokin-like (I) domain.  
The structure on the bottom shows the location on the structure in 3-D space.  
Modified from Parent et al. (2010) 
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Figure 6. Cryo-EM model from Chen et al. (2011).  The high-resolution NMR 
structure reported here refers to the ED domain highlighted above.  Modified from 
Chen et al. (2011). 
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Figure 7. The two cryo-EM models of the I-domain showing the different core folds.  
In Panel A is the telokin-like domain from Parent et al. (2010) and in Panel B is the 
extra-density domain from Chen et al. (2011). 
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Figure 8. The D-loop intersubunit interactions across a two-fold axis of symmetry 
are shown.  Modified from Chen et al. (2011) 
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Chapter 2: NMR Assignments of the I-domain 
 
 2.1 Introduction to assignments 
 
 Because the experimental observables generated by NMR are peaks of 
certain chemical shift and intensity, before studying a protein by NMR, the chemical 
shift of every (or as many as possible) carbon, nitrogen, and proton atom must be 
determined so that a link can be made between the NMR experiments and the 
physical protein molecule.  This can be accomplished using one of several strategies 
that depends on, among other things, the size of the protein (Cavanagh et al., 1996; 
Wuthrich et al., 1982). 
 2.2 Material and methods 
 
  2.2.1 Expression and purification (protocol on lab computer) 
 
 The gene encoding for the I-domain, comprising amino acids 223-345 of the 
bacteriophage P22 coat protein was previously cloned into a pET30b plasmid from 
Novagen (Madison, WI) that also encodes an N-terminal His6 metal affinity tag.  I-
domain was expressed in Escherichia coli strain BL21(DE3).   
 M9 minimal media was inoculated with a 1:100 dilution of a 5 mL or 10 mL 
overnight culture grown in unlabeled M9 media.  The M9 minimal media was 
modified slightly from the usual recipe in the following way: 2 mM MgSO4, 1 μM 
CaCl2, and 1 μM FeCl3 was used, and tap water was used instead of DI water in an 
attempt to provide essential metals that might be missing from DI water.  All 
solutions were filter sterilized.  Isotopic labeling was accomplished by using 1 g/L 
15NH4Cl and 3 g/L 13C6-glucose.   The cells were grown to mid-log phase at 37 °C for 
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induction. Expression was induced with 1 mM isopropyl β-D-1-
thiogalactopyranoside and allowed to continue for 16 hours at 30 °C.  
 Cells were cooled on ice and harvested by sedimentation in an SH-3000 
swinging bucket rotor for 20 minutes operating at 4000 rpm.   The cells were 
resuspended in 20 mM phosphate buffer (pH=7.6) containing 0.1 % w/v Triton X-
100, lysozyme (200 μg/mL), a 1:100 dilution of EDTA-free protease cocktail 
inhibitor P8849 (Sigma, St. Louis, MO), 100 μg/mL DNase and RNase, 5 mM MgSO4, 
and 0.5 mM CaCl2.  Cells were lysed using a French press operating at 20000 pounds 
per square inch. Cell debris was removed by centrifugation in a Sorvall F18-12 x 50 
rotor operating at 18,500 rpm for 30 minutes.  The supernatant was further purified 
by ultracentrifugation to remove membranes.  The membranes were sedimented in 
a T-865 rotor operating at 40,000 rpm for 90 minutes.  The supernatant was loaded 
onto a 10 mL Talon metal-affinity column (Clontech, Mountain View, CA) for 
purification, washed with 90 mL of buffer containing 10 mM imidazole, then eluted 
with 65 mL 300 mM imidazole.  After elution, the appropriate fractions were located 
by SDS-PAGE, pooled, and precipitated with ammonium sulfate at 0.4 g/mL (based 
on starting volume) for 30 minutes at 4 °C on a Nutator.  The precipitated protein 
was harvested by centrifugation in a Sorvall F18-12 x 50 rotor operating at 18,500 
rpm for 30 minutes. The pellet was resuspended in filter sterilized 20 mM 
phosphate buffer (pH=6.0), dialyzed three times (3 x 2 L) against this buffer and 
concentrated in a Centricon with a 10 K nominal molecular weight cut-off from 
Millipore (Billerica, MA) to make (typically) aliquots of 270 uL containing 1.7 mM I-
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domain.  Typical final yields after expression and purification were approximately 
60 mg/L. 
  2.2.2 NMR Spectroscopy samples and experiments 
 
 NMR experiments were performed on 300 uL samples containing 1.5 mM 
protein, 0.02% sodium azide (to prevent microbial growth), 10% or 99% D2O, in 
sodium phosphate buffer (pH=6.0).  For experiments in D2O, the protein was 
lyophilized and resuspended in D2O.  Experiments were collected on a Varian Inova 
600 MHz spectrometer or a Varian 800 MHz spectrometer equipped with triple-
resonance cryogenic probes operating at a temperature of 37 °C.  The following 
double and triple resonance experiments were collected for assignments: 1H-15N 
HSQC, HNCACB, HNCA, HN(CO)CA, HNCO, HN(CA)CO, 1H-15N TOCSY-HSQC, HNHA, 
HNHB, H(CCO)NH C(CO)NH, HCCH-TOCSY, CCH-TOCSY, 50 ms 2-D 1H-1H NOESY, 1H-
13C HSQC, 1H-DQF-COSY, and 1H-DQF-TOCSY (Cavanagh et al., 1996).  Hydrogen-
deuterium exchange experiments were performed by lyophilizing the I-domain then 
diluting the protein in D2O immediately before data collection.  Data were processed 
using Felix and analyzed using CCPNmr Analysis (Vranken et al., 2005).   
 2.3 Assignment Strategy 
 
  2.3.1 Suitability for NMR 
 
 NMR is an excellent technique to determine if a protein is folded because 
NMR chemical shifts are highly dependent on the local magnetic field environment.  
Because of their high gyromagnetic ratio, the largest contributors to this local 
magnetic field are the surrounding electrons.  Thus the local environment can be 
essentially thought of as the pattern of electrons that surrounds an NMR-active 
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nucleus (Buckingham et al., 1960).  If a protein is unfolded, the NMR-active nuclei 
are all surrounded by water in a very similar manner and thus are all in very similar 
local magnetic field environments (barring primary structure effects).  This causes 
degeneracy in chemical shifts clustered around random coil values.  If a protein is 
folded, NMR-active nuclei will, in many cases, be found buried in the hydrophobic 
core of the protein.  The effect of the fold is to disperse the detected chemical shifts 
away from random coil values (Wishart and Sykes, 1994).   
 The I-domain’s suitability for further NMR study was assessed using a 1H-15N 
HSQC.  In this experiment, a peak is found whenever a proton and nitrogen are 
attached by a single covalent bond (Cavanagh et al., 1996).  The dispersion of the 
peaks in an HSQC spectrum of the I-domain indicates the domain is structured and 
folds independently of the HK97 core (Figure 9). 
  2.3.2 Backbone assignment strategy 
 The sequential assignment of a protein is typically carried out using through-
bond (COSY-type) experiments (Cavanagh et al., 1996; Wuthrich et al., 1982). For 
the I-domain, the following COSY-type through-bond experiments were used for the 
backbone assignment: 1H-15N HSQC, HNCACB, HNCA, HN(CO)CA, HNCO, and 
HN(CA)CO (Bax and Ikura, 1991; Clubb et al., 1992; Kay et al., 1990; Wittekind and 
Mueller, 1993).  The HSQC is a 2-D experiment from which all the remaining 3-D 
experiments derive.  In other words, the 3-D experiments extend the HSQC into a 
third dimension, in these cases, a carbon dimension. The naming convention is to 
describe the experiment by the nuclei that are represented on the axes, with those 
nuclei used for relay, but not detection, in parentheses.   
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 These experiments make up two independent pathways to complete the 
sequential assignment of the backbone by intra-residue and interresidue (i.e. across 
the peptide bond) magnetization transfer.  The first set is HNCACB (Wittekind and 
Mueller, 1993), HNCA (Kay et al., 1990), and HN(CO)CA (Bax and Ikura, 1991).  
Guided by the HSQC to the nitrogen and amide proton coordinates, the HNCACB 
shows chemical shifts of the Cα and Cβ carbons of the amino acid residue that the 
HSQC peak represents (i), and also Cα and Cβ shifts of the previous residue (i-1) 
although because the relay pathway is longer, these i-1 peaks are weaker (Figure 
10).  HNCA is similar except it only shows Cα’s.  HN(CO)CA relays the magnetization 
across the carbonyl carbon of the i-1 residue and only shows correlation to the Cα of 
the i-1 residue, making the assignment less ambiguous in certain cases where signal 
in the HNCA to i-1 is weak/non-existent or degenerate with the intra-residue peak 
(Figure 11).  Residues were connected by matching Cα and Cβ shifts.  For instance, 
when the chemical shifts of Cα and Cβ representing i-1 peaks matched the chemical 
shifts for peaks representing residue i for one and only one strip, these two strips 
therefore represent amino acids that that are connected by a peptide bond. 
 HNCO (Kay et al., 1990) and HN(CA)CO (Clubb et al., 1992) work in much the 
same way.  HNCO shows correlation to the carbonyl carbon of i-1, while HN(CA)CO 
shows correlation to the carbonyl carbon of i and i-1 (Figure 12).  Thus the 
connections across the peptide bond can be made using a second, independent 
pathway to reduce any ambiguities caused by degenerate chemical shifts. 
 Amino acids were then strung together by connection across the peptide 
bond, but they needed to be placed properly in the sequence.  For this, characteristic 
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chemical shifts of the Cα’s and Cβ’s were used. Threonine, serine, glycine, and 
alanine have unique shifts based on unique magnetic field environments caused by 
their non-identical side-chains.  These residues are immediately identifiable in the 
HNCACB .  Alanine is the only amino acid with a methyl Cβ and is the only Cβ found 
around 19 ppm.  Glycine doesn’t have a Cβ.  Serine and threonine have 
electronegative oxygen atoms attached to their Cβ’s, so they have unique Cβ 
chemical shifts around 64 ppm and 70 ppm, respectively (typical Cβ’s have a shift in 
the region of ~29-41 ppm) (Figure 13). 
 Strings of amino acids were built and compared to the primary sequence of 
the I-domain.  Once long enough peptides were built, the peptides could be 
unambiguously placed in the sequence.  For instance, a peptide of connected 
residues was built using the technique outlined above and the sequence was found 
to be ?-G-?-?-?-?-?-?-?-?-?-A-T.  This sequence is only found once in the protein, so 
the peptide was placed in the sequence as amino acids 25-37   At this point, the 
assignment of H (amide), N, CO, CA, and CB was complete for the residues in this 
peptide.  In some cases, degeneracies can cause complications.  If necessary, side-
chain proton patterns can be used to determine the residue type when Cα, Cβ, or CO 
peaks are degenerate or missing.  In this case, the I-domain data were high quality 
because of its relatively small size and high solubility enabling sequential 
assignment for 95% of the amino acid residues using only the triple resonance 
spectra and general strategy outlined above.  The missing assignments were caused  
by either the amide proton solvent exchange, or because conformational exchange 
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led to signal broadening.  These backbone assignments have been annotated on the 
HSQC (Figure 9). 
  2.3.3 Side-chain assignment strategy 
 
 Side-chain carbons and protons were assigned with the following spectra:  
1H-15N TOCSY-HSQC (Figure 14), HNHA, HNHB, H(CCO)NH C(CO)NH, CCH-TOCSY 
(Figure 15), HCCH-TOCSY (Figure 16), 50 ms 2-D 1H-1H NOESY, 1H-13C HSQC, 1H-
DQF-COSY, and 1H-DQF-TOCSY (Archer et al., 1991; Grzesiek et al., 1993; Marion et 
al., 1989; Vuister and Bax, 1993).   
 With the backbone assignment (i.e. the 1H-15N HSQC assignment) completed, 
the side-chain assignments were started by using COSY-type through-bond 
experiments that extend the1H-15N HSQC into a third dimension that represents 
protons.  The HNHA experiment gives the chemical shift of the Hα of the residue to 
which the amide group is attached (residue i).  It also gives an indication of 
secondary structure by a three-bond 3JHNHA coupling constant that correlates to the 
ϕ angle in the protein backbone through the Karplus equation (Vuister and Bax, 
1993). The HNHB experiment shows the chemical shift of the Hβ of residue i and 
aids stereospecific assignment of the β-protons and determination of the χ1 torsion 
angle (Archer et al., 1991).  The 1H-15N TOCSY-HSQC (Marion et al., 1989), in the 
perfect case, gives the chemical shift of all side-chain protons in the same residue as 
the amide group represented in the 1H-15N HSQC (Figure 14).  Unfortunately the 1H-
15N TOCSY-HSQC only showed correlations with the Hα’s and Hβ’s.  This was 
possibly caused by a combination of factors.   High protein concentration may have 
increased the viscosity of the sample and also caused small aggregates to form and 
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unfavorably shorten the T2 relaxation time and possibly affect the shims (magnetic 
field homogeneity).   
 To finish the side-chain assignment of carbons and protons, H(CCO)NH and 
C(CO)NH (Grzesiek et al., 1993) spectra were collected.  These experiments again 
extend the 1H-15N HSQC into a third proton dimension, except they relay 
magnetization across the peptide bond to residue i-1 and show peaks that represent 
all protons and all carbons, respectively, of the previous residue with respect to the 
proton and nitrogen in the HSQC.  These experiments failed to produce any 
meaningful peaks.  Only in a handful of cases were any assignments beyond those 
already known (Cα, Cβ, Hα, and Hβ) found.  The cause is unknown but may be 
related to sample degradation (proteolysis that seems to have been alleviated when 
a new column was purchased that showed much purer protein on a gel).  This 
experiment was not repeated. 
 To complete the assignment of the side-chains, especially long chain amino 
acids, CCH-TOCSY (Figure 15) and HCCH-TOCSY (Figure 16) spectra were collected 
on a Varian 800 MHz spectrometer (Bax et al., 1990).  These experiments are more 
tedious to assign but are the least ambiguous and are rich in information.  Both 
abandon the nitrogen dimension and instead, in an analogous sense, are based on 
the 1H-13C HSQC.  That is, proton/carbon pairs that are connected by a single 
covalent bond represent two axes, with the third axis showing through-bond 
correlation to all carbons (CCH-TOCSY) or protons (HCCH-TOCSY) in the same 
residue.  These experiments are very sensitive because of the high H-C and C-C J-
couplings but can suffer from some spectral crowding in the case of large proteins.   
 24
With these two high-quality spectra, all aliphatic side-chain protons and carbons 
were assigned except for W241, D244, N245, N248, and N251 (most of which are 
found in a large and dynamic loop and are therefore not very important for the 
structure). 
 Aromatic side-chain protons and carbons were assigned using a combination 
of COSY- and NOESY-type experiments.  2-D 1H-1H NOESY spectra were used to 
connect previously known Hβ chemical shifts with Hδ’s.  1H-DQF-COSY, and 1H-DQF-
TOCSY spectra were then used to continue walking down the aromatic ring.  In some 
cases, the assignments were ambiguous and assignments were confirmed or 
corrected with 15N-edited NOESY-HSQC and 13C-edited HSQC-NOESY spectra.  
Accurate aromatic assignments are critical for structure determination because 
aromatic protons, especially phenylalanine, tend to be buried in the hydrophobic 
core of a protein and result in many NOE’s including many long-range cross-peaks.  
Aromatic carbons were assigned by matching the aromatic proton assignments with 
peaks in a 1H-13C HSQC spectrum.   
 2.4 Results 
  2.4.1 Secondary structure 
 Secondary structure effects on the local magnetic field environment lead to 
characteristic chemical shift perturbations from random coil.  These are pronounced 
in H, N, CO, Cα, Cβ, and Hα.  Talos+ (Cornilescu et al., 1999; Shen et al., 2009) was 
used to predict the location of loops and secondary structure elements.  This 
program works by comparing a database of proteins with published structures and 
NMR assignments to the target protein.  It looks for similar (in chemical shift) 
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triplets of residues (i.e. three residues in a row) between the target protein and 
these database proteins.  If the ten closest matches in terms of sequence and in 
terms of shifts have similar dihedral angles in the known structures, then the middle 
residue of the triplet can likely be assigned that dihedral angle (i.e. belonging to a β-
sheet, α-helix, or loop) using chemical shift information alone.  The results indicated 
that the I-domain secondary structure is primarily composed of β-sheet, but does 
contain one helix (Figure 17). 
 2.4.2 Hydrogen-deuterium exchange 
 
 Hydrogen-deuterium exchange of the amide protons was performed on the I-
domain.  Amide protons are constantly in exchange with protons from the solvent at 
a pH dependent rate, but not all amide protons exchange at the same rate.  Those 
that are located on the protein’s surface in loops will exchange quickly with the 
solvent, while those that are buried in the protein core and involved in hydrogen 
bonds in secondary structure elements will exchange much slower (Figure 18).  1H-
15N correlation experiments can be used to monitor this exchange process, because 
the experiment is designed to measure 1H amide protons (Wagner and Wuthrich, 
1979).  After lyophilization and then dilution into D2O, as solvent exposed amide 
protons exchange with solvent, their corresponding peaks in the HSQC disappear 
(Figure 19).    
 With the backbone assignment complete, it is possible to identify which 
residues are involved in secondary structure elements and form the protein core 
and which residues are in solvent exposed loops.  The protected residues were then 
mapped onto the published cryo-EM structures (Figure 20).  The results show that 
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neither structure matches perfectly with the solvent exchange protection pattern 
from the NMR data.  Interestingly, the residues in the D-loop (Chen et al., 2011) 
appear to be heavily protected indicating these residues are unlikely to be a large 
loop as reported. 
 2.5 Conclusions and future work 
 
The dispersion of peaks in the HSQC (Rizzo et al., 2012) shows that the I-
domain does fold independently of the HK97 core.  Characteristic chemical shift 
perturbations from random coil indicate the I-domain is composed of primarily β-
sheet secondary structure, two loops, and a single small helix of approximately 6 
residues.  The predominantly β-sheet secondary structure generally supports the 
reconstruction of Parent et al. (2010) more than the reconstruction of Chen et al. 
(2011) 
These assignments were deposited into the Biological Magnetic Resonance 
Bank (http://www.bmrb.wisc.edu) for public use under accession number 18566.    
Overall, 92.7% of all hydrogens,  89.8% of all carbons, and 74.4% of all nitrogens 
were assigned. Most of the remaining unassigned atoms represent those which are 
not typically assigned and include the carbons and protons associated with side-
chain function groups (i.e. aspartate Cγ, or the guanidine group from arginine, 
among others). 
One functionally relevant conclusion concerns the D-loop (Chen et al., 2011).  
Based on the hydrogen-deuterium exchange experiments, the D-loop, as defined 
(Chen et al., 2011), is protected from solvent exchange.  It also contains chemical 
shift perturbations characteristic of β-sheet secondary structure.  This result would 
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not be expected for such a large loop, and indicates the residues specified as the D-
loop (Chen et al., 2011) actually form the core fold of the I-domain.   
As a result of this assignment work, further study of the I-domain by NMR 
became possible.  Specifically, LaTasha Fraser was able to use the backbone 
assignments to perform T1, T2, and NOE relaxation experiments that probe pico- and 
nano-second backbone dynamics and also study the stability of the I-domain using 
NMR hydrogen-deuterium exchange experiments.  In addition, with the side-chain 
proton and carbon assignments completed to such a degree, high-resolution 
structure determination by NMR also became possible.  
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Figure 9. An assigned 1H-15N HSQC spectrum of the I-domain.  The spectrum was collected on a 1.5 mM sample of the I-domain 
in 20 mM phosphate buffer, pH=6.0, at a temperature of 37 °C.  The amino acid sequence numbering is that of the full length 
P22 coat protein.  Backbone resonance assignments are indicated in blue and side-chain amide resonance with red labels and 
the superscript "sc”. Peaks that were only visible at lower contour levels are marked with squares.  Modified from Rizzo et al. 
(2012). 
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Figure 10. Six strips from the HNCACB showing how the sequential assignment is done using intra- and residue (across the 
peptide bond) peaks.  Purple peaks are positive and represent Cα chemical shifts.  Gold peaks are negative and represent Cβ 
chemical shifts.  Note how the weaker peaks on a strip correlate to a strong peak in the previous strip (residue).  This is the 
essence of the sequential assignment.   
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Figure 11. HNCA and HN(CO)CA spectra.  HNCA peaks are in green.  This spectrum shows correlation to both i and i-1.  
HN(CO)CA peaks are in red and only show correlation to i-1.   
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Figure 12. HNCO and HN(CA)CO spectra.  The blue peaks are from the HNCO and show correlation to the carbonyl carbon of 
the previous residue.  The green peaks are from the HN(CA)CO and show correlation to the carbonyl carbon of both the 
residue (i) and the previous residue (i-1).   This independent pathway to make connections across the peptide bond confirms 
the assignments from the HNCACB are correct and can be used to reduce ambiguities if necessary. 
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Figure 13.  Four strips from the HNCACB spectrum showing unique chemical shifts that allow immediate and positive spin 
system type (i.e. residue type).  Glycine has only a Cα around 45 ppm, while threonine, serine, and alanine have unique Cβ's. 
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Figure 14. Strips from an 15N-TOCSY-HSQC.  This HSQC-based spectrum shows correlation between the amide 
proton/hydrogen pair and all proton chemical shifts in that residue.  For the I-domain only Hα and Hβ chemical shift 
assignments were possible.  
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Figure 15. Strips from the CCH-TOCSY spectrum of an isoleucine residue.  With the Cα, Cβ, Hα, and Hβ assignments that are 
already known from HNCACB and the 15N-TOCSY-HSQC, the first step was to locate these strips (panels 1 and 2).  Now the 
third dimension gives the chemical shift of all carbons in that residue.  Then, with the new carbon chemical shifts, the next step 
was to navigate to the indicated plane (panel 3), and look side-to-side for another residue with identical carbon chemical 
shifts.  If found, the proton dimension of this strip is therefore the assignment for the proton that is directly bound to the 
carbon of the indicated plane.  The majority of the long-chain aliphatic proton assignment came from this experiment 
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Figure 16. The HCCH-TOCSY spectrum highlighting strips from an isoleucine residue.  With the Cα, Cβ, Hα, and Hβ assignments 
that are already known from HNCACB and the 15N-TOCSY-HSQC, the first step was to locate these strips (panels 1 and 2).  
Along the third dimension (vertically oriented here) are all the remaining proton assignments for the residue.  Sometimes if 
the magnetization transfer pathway is too long, peaks can be missing (panel 1: Hδ1), but by moving down the chain and 
navigating to other carbon planes found from the CCH-TOCSY (or by scrolling through planes near the expected random coil 
shift values), those peaks were found (in panel 2 the missing proton assignment was found).    This spectrum can sometimes 
be a bit messy.  In the vertical dimension, some solvent can be seen.  At ~4.7 ppm is water, and at ~3.5 ppm is an unknown 
buffer contamination (possibly ammonia from the ammonium sulfate precipitation).
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Figure 17. The results from Talos+.  The top panel shows the relative ‘order’ of the 
residue.  Essentially a larger value indicates a larger perturbation of the chemical 
shifts in the residue from random coil values that suggests it is relatively more 
buried.  Smaller values (i.e. the dip at residue ~27 and residue ~63) indicate more 
random coil-like chemical shifts and suggests these residues are in a loop.  In the 
bottom panel, the blue bars indicate consensus for β-sheet and the red bars indicate 
consensus for α-helix.  To convert to the full-length coat protein sequence 
numbering, add 221 to the numbers here. 
 
 
 
 
 
Figure 18. Schematic illustrating how protons in the protein core do not exchange 
with deuterium in the solvent while those that are on the surface do.  Modified from 
Hoofnagle et al. (2003). 
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Figure 19.  Two HSQC spectra are overlaid.  In purple is an HSQC collected in water.  
In green is an HSQC collected after 2.5 hours in D2O.  The peaks in green therefore 
represent those amino acid residues whose amide proton is buried in the core of the 
protein and protected from solvent exchange.  As expected, those peaks at random 
coil chemical shift values (roughly in the center of the spectrum) are not protected 
while those that are dispersed are protected. The quality of the spectra appears low 
because in order to collect spectrum after spectrum quickly to monitor the 
disappearance of peaks, the resolution was sacrificed.  Resolution is not critical in 
this experiment because typically the well-dispersed peaks that are in unique 
magnetic field environments are those that are protected while those in the center 
random coil region (crowded region) are not protected.  There is a small offset in 
the proton dimension to more clearly show which peaks are protected.   
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Figure 20.The cryo-EM models.  In Panel A is the structure from Parent et al. (2010) 
and in Panel B is the structure from Chen et al. (2011).  The residues colored in 
green are those whose amide proton was protected from exchange with deuterium 
in the solvent after 2.5 hours at pH=6.0.  Note the significant protection in the D-
loop in Panel B.  This would not be expected for residues in a large loop. 
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Chapter 3: NMR structure of the I-domain 
 
 3.1 Introduction to NMR structure determination and ARIA 
 
 NMR structures are determined primarily using short-range distance 
information gathered from nuclear Overhauser enhancement spectroscopy (NOESY) 
experiments (Kumar et al., 1981; Noggle and Schirmer, 1971).  If two protons are 
within ~5 Å of each other, during a NOESY experiment, cross-relaxation processes 
result in NOE cross peaks in the spectra.  Because the chemical shifts of all or almost 
all protons are previously known from the backbone and side-chain assignments, 
these cross peaks can be compared with the known chemical shifts and used to 
characterize two protons as within 5 Å of each other in the protein structure.  If one 
is able to characterize many sets of protons as within 5 Å, a protein structure can be 
determined.  Various other types of restraints, as outlined below, can also 
supplement the NOESY-based distance restraint information. 
 The problem of the NOE assignment arises because a protein has hundreds, if 
not thousands, of protons, and many of the chemical shifts will be degenerate.  A 
manual assignment of the NOESY spectra will be the most time-consuming step in 
determining a protein structure by NMR.  NOE assignment is, however, a task that is 
well suited to automation (Guntert, 2003, 2009), and several programs using 
various algorithms have been devised within the last 20 years.  Two of the most 
popular are ARIA (Bardiaux et al., 2012; Linge et al., 2003a; Linge et al., 2001; 
Rieping et al., 2007) (Ambiguous Restraints for Iterative Assignment) from Michael 
Nilges and CYANA (Guntert, 2004; Herrmann et al., 2002) from Peter Güntert.  In 
favorable cases with high-quality data, an experienced user can generate an 
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unrefined (but essentially correct) structure less than 24 hours after starting 
structure calculations, replacing what could have previously been weeks or months 
of laborious and detailed analysis.  Here, ARIA was used to determine the structure 
of the I-domain from the P22 coat protein.   
 ARIA (Bardiaux et al., 2012; Linge et al., 2003a; Linge et al., 2001; Rieping et 
al., 2007) is a program for automated NOE assignment.  The principle of the 
program is quite simple.  Using the protein sequence, assigned chemical shifts, NOE 
peak lists with volume/intensities, and other types of restraints such as dihedral 
and hydrogen bonds, it combines the structure calculation and NOE assignment into 
one iterative process. 
 At first (iteration 0), all protons are assigned to all peaks where the chemical 
shift lies within a user-defined frequency tolerance and highly ambiguous distance 
restraints are generated based on these assignments.  This illustrates the concept of 
the ambiguous distance restraint that lies at the heart of ARIA, and has also been 
adapted for use by CYANA (Guntert, 2009).  An NOE peak can have more than one 
assignment because it is possible for two (or more) protons with nearly identical 
chemical shifts to both be within 5 Å of a third proton at the same time.   
 This initial assignment is slightly complicated by the adaptation of network 
anchoring to the ARIA process.  Network anchoring is a concept taken from CYANA 
(Guntert, 2009).  A ‘network’ of corroborating assignments should support correct 
NOE assignments.  For instance, if the Cβ from V92 has an NOE to Cβ of A36, then Cβ 
from V92 will probably also have an NOE to Cα of A36, or the amide proton (H) of 
F35.  Using this procedure, NOE’s that are completely unsupported by a network of 
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surrounding restraints can be discarded immediately thereby increasing the weight 
on supported restraints in the structure calculations.  By discarding these restraints 
from the first iteration, the structure will converge to the correct fold faster and 
result in higher quality structures (Herrmann et al., 2002). 
 Overall, at iteration 0, the distance restraints (and other types of restraints 
outlined below) that were created by the ambiguous assignment, minus the ones 
discarded by the network anchoring, are used to start folding a protein started from 
an extended structure.  ARIA the uses the CNS (Brunger et al., 1998) 
(crystallography and NMR system) engine to calculate these structures.  CNS uses a 
molecular dynamics simulated annealing technique in torsion angle (or Cartesian if 
desired) space.  This process generated a user-defined number of structures 
(default=20) at it0. 
 At the start of subsequent iterations, the calculated structures are put 
through a ‘violation analysis’ and restraints that are more frequently violated are 
discarded while those that are more frequently supported by the lowest energy 
structures are kept based on a certain violation tolerance specified by the user.  The 
distance restraints are re-calibrated based on the distances in the structures, and 
the structure calculation is repeated with the sub-set of restraints that were less 
frequently violated in iteration 1.  To further reduce ambiguity in the restraints, a 
parameter referred to as the ‘ambiguity cut-off’ is decreased so that ambiguous 
restraints are made unambiguous if one restraint lies outside of what is essentially 
an ever-decreasing sphere around the proton of interest based on a subset of the 
lowest energy structures from the previous iteration.  
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 This iterative structure calculation is repeated during iterations 2-8, but each 
time the violation threshold is decreased is decreased.  Finally, by the end of 
iteration 8, most NOE peaks should have an unambiguous assignment.  ARIA also 
implements a refinement in explicit solvent (water or DMSO) that has been shown 
to improve structure quality by improving atom packing and decreasing unsatisfied 
net dipoles (Linge et al., 2003b).  
 3.2 Material and Methods 
 
  3.2.1 Distance restraints 
 
 Distance restraints and upper and lower bounds were created automatically 
by ARIA based on a chemical shift list and manually picked peak list imported from 
Analysis.  Structures were calculated using ARIA (CNS) and the assignments and 
structures were exported to Analysis for refinement.  Correct assignments were 
manually entered in Analysis for subsequent runs.  This process was performed 
iteratively until the ‘final’ structure was determined. 
  3.2.2 Dihedral restraints 
 ϕ and ψ dihedral angle restraints were used from the software Talos+ (Shen 
et al., 2009) for those residues which scored a 10/10 (the 10 closest triplets in the 
database all match).   The default bounds from Talos+ are twice the standard 
deviation of the angles of the set of 10 closest matches in the database. 
  3.2.3 Hydrogen bonds 
 
   3.2.3.1 Long-range HNCO 
 
 To make hydrogen bond restraints for NMR structure calculation, one 
typically uses a variety of techniques to indirectly determine pairs of hydrogen bond 
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donors and acceptors.  Hydrogen-deuterium exchange experiments show which 
amide protons are protected from solvent exchange and therefore likely to be in a 
hydrogen bond forming a secondary structure element.  Characteristic NOE patterns 
can also be used.  For instance, strong (and often well-dispersed) Hα-Hα inter-
strand NOE’s clearly indicate anti-parallel β-sheets.  Large numbers of medium-
range NOE’s (often i-3) in a 1H-15N-NOESY-HSQC indicate α-helix.   
It has also previously been shown that COSY-type through-bond experiments 
can be used to directly identify hydrogen bond donor/acceptor pairs.  This was first 
shown in nucleic acids (Dingley and Grzesiek, 1998) by observation of N-N 
correlation, and later in perdueterated proteins through N-C correlation (Cordier 
and Grzesiek, 1999).   
The pulse sequence for the long-range HNCO was the same as a ‘regular’ 
HNCO and was found in the Varian BioPack, except the mixing time was changed to 
67.5 ms.  The J-coupling (essentially sensitivity) for these experiments is extremely 
low <1 Hz. To improve signal, the relaxation properties of the I-domain were 
enhanced by preparing a perdeuterated sample.  To further improve S/N ratio, 
narrow linewidths, and maximize the effect of perdeuteration, the pulse sequence 
for the long-rang HNCO was edited to use transverse relaxation optimized 
spectroscopy (TROSY) (Pervushin et al., 1997). 
   3.2.3.2 Perdeuteration of the I-domain 
 
 Perdeuterated I-domain was prepared as described in the literature (Sosa-
Peinado et al., 2000).  This protocol can be found on the lab computer.  Briefly, 
BL21(DE3) E. coli were grown in successively increasing concentrations of 2H2O to 
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acclimatize the bacteria to 2H2O and to possibly select for any variants possessing an 
increased ability to grow in heavy water.  An overnight in regular M9 media was 
used to inoculate a 10 mL culture of M9 with 100 1H2O.  This culture was grown at 
37 °C to an OD=~0.6-0.8.  500 μL of this was used to inoculate 10 mL M9 with 30% 
2H2O.  After reaching OD=~0.6-0.8, 500 uL of this culture was used to inoculate 10 
mL 60% 2H2O.  This process was repeated with 90% 2H2O.  To make nearly 100% 
2H2O, all reagents were prepared in 2H2O, perdeuterated glucose was used, and 
anhydrous disodium phosphate was used to make the M9.  The yield was slightly 
less than growth in M9 made with 100% 1H2O (<60 mg/L).  The doubling time in 
2H2O is almost 3 hours for BL21(DE3). 
   3.2.3.3 Hydrogen bond restraints 
 
 Hydrogen bond restraints were created in the Analysis project using a 
combination of donor/acceptor pairs identified from the long-range HNCO, dihedral 
restraints from Talos+ (Shen et al., 2009), or NOE patterns that can be characteristic 
of certain types of secondary structure.  Two restraints were used for each 
hydrogen bond to enforce linearity.  For backbone-backbone hydrogen bonds, these 
two are between the hydrogen and oxygen, and between the nitrogen and the 
oxygen.  Default target distances from Analysis were used.  These are 1.73 Å lower 
limit, 2.2 Å target distance, 2.7 Å upper limit, and 1.0 Å distance between hydrogen 
and its covalently bound heteroatom (nitrogen).  These distances were imported 
into the ARIA directly from the Analysis project and incorporated in structure 
calculations starting from iteration 0. 
  3.2.4 Residual Dipolar Couplings 
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   3.2.4.1 Introduction to RDCs 
 
 Residual dipolar couplings (RDCs) are used to measure the orientation of 
inter-nuclear vectors in a protein.  Typically these are N-H and Hα-Cα, but others are 
used.  Whereas most NMR restraints are short range, RDCs provide long-range 
information about the relative orientation of the inter-nuclear vectors.  In an 
isotropic solution, where the protein is tumbling randomly, this information is 
unavailable, but by weakly aligning the protein in an anisotropic medium, RDCs can 
be measured.  This weak alignment must be tailored so that the range of J-coupling 
values for H-N are ~80 Hz–110 Hz.  Common techniques for alignment solutions 
include bicelles, phage, and polyacrylamide gels (Alba and Tjandra, 2004). 
   3.2.4.2 Gel preparation 
 
 To achieve weak alignment of the I-domain for RDC measurement, 5% 
stretched polyacrylamide gels were used.  1.67 mL of 37.5:1 bis:acrylamide and 8.33 
mL water were mixed and passed through a 0.20 μm filter to remove any particulate 
matter (ultimately to achieve the highest possible homogeneity of the sample).  The 
gels were polymerized with 50 uL of 10% w/v ammonium persulfate and 5 uL of 
tetramethylethylenediamine (TEMED).  After mixing, the solution was quickly 
poured into the Teflon casts provided in the New Era gel kit (NE-373-B).  The gels 
were allowed to polymerize overnight.   
 The polymerized gel was soaked in deionized water overnight to remove any 
unpolymerized reactants.  The gels were dried O/N at 30 °C on a glass plate (for 
casting gels).  The hardened and dried gels were cut to a length of ~1 cm.  The gels 
were then replaced in the Teflon casts.  I-domain in solution was brought to 20% 
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D2O and the Teflon caste was filled with the protein solution so the protein would be 
allowed to diffuse into the gel overnight at 4 °C.  The gel was inserted into the NMR 
tube using the kit from New Era. 
   3.2.4.3 Other alignment techniques: p.16-17 NMR II notebook 
 Pf1 phage can be used to achieve partial alignment (Dahlke Ojennus et al., 
1999).  This never worked for the I-domain, probably because at pH=6 the protein is 
positively charged and the phage are negatively charged leading to strong 
interaction between the phage and protein, not partial alignment.  Vitaliy Gorbatyuk 
communicated that for a 300 uL sample, one should start by adding 20 uL of the Pf1 
phage from Asla Biotech and then monitor the deuterium splitting.  A 5 Hz 
deuterium oxide splitting would be appropriate, although this does depend on the 
protein.  The actually amount of phage to add would need to be empirically 
determined based on the RDCs.   
 PEG/alcohol mixtures can also be used (Ruckert and Otting, 2000).  This 
protocol is from Andrei using n-octanol and C8E5 PEG with a 0.87 ratio between the 
PEG and alcohol considered optimal.  For 210 μL of protein, 10.5 μL C8E5 PEG and 
5.25 μL alcohol would be needed. First, all the PEG was added to the protein, then 
the alcohol was added 1 μL at a time.  Between each alcohol addition, the protein 
was vortexed.  After adding alcohol the solution should become milky, then after 
further addition should become clear.  This would indicate the solution has reached 
the nematic phase and is appropriate for RDC measurement, but again, the final 
concentration of PEG/alcohol is empirically determined based on the measured 
RDCs from the individual protein. 
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   3.2.4.4 Data collection and analysis 
 
 Data were collected on a Varian Inova 600 MHz spectrometer.  A reference 
sample of I-domain was used to collect an HSQC and a TROSY-HSQC to determine 
the J-coupling under isotropic conditions (~92-94 Hz, typically).  An HSQC and 
TROSY-HSQC were collected with the sample in the gel (anisotropic conditions). 
 During spectral processing with Felix-NMR, to achieve narrow linewidths for 
accurate RDC measurement, all spectra were zero-filled to 4096 points in the 
nitrogen dimension.  The position of the peaks in all four spectra was recorded and 
the residual dipolar coupling values extracted by the difference in J-coupling 
between isotropic and anisotropic conditions (typical values range between 0 Hz 
and 25 Hz).  In retrospect, it probably would make sense to collect more increments 
in the second dimension in order to very accurately measure the location of peaks to 
calculate the RDCs. 
 To measure the RDC, the difference between the HSQC peak and TROSY peak 
was multiplied by the frequency of the nitrogen dimension (60.775, here) then 
doubled.  So: 
  2	
	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		
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 3.3 Results, conclusions, and future work 
 The structure of the I-domain in the P22 coat protein has been determined 
and deposited into the RCSB PDB with accession number 2m5s (Figure 21, Figure 
22).  It is a six-stranded β-barrel and contains accessory β-sheet structure and a 
small helix and belongs to the reductase/isomerase/elongation factor common 
domain according to the Structural Classification of Proteins (SCOP) (Murzin et al., 
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1995).  The H/D exchange protection pattern has been mapped onto this structure 
(Figure 23) 
 Although the amino acid sequence has no clear homology to any known 
proteins except other very closely related bacteriophage coat proteins based on a 
BLAST search, there is apparent structural homology to domain II of elongation 
eiF2-γ based on a DALI search (Holm and Rosenstrom, 2010).   This domain has 
been implicated in 3’ tRNA recognition and this homology represents a possible clue 
into the function and/or origin of this domain (Figure 24) .    
 There is a large loop, a D-loop, as in the structure from Chen et al. (2011), 
although the sequence position of the loop is different in the NMR structure.  This 
supports a hypothesis that the function of the domain is to provide intersubunit 
contacts that stabilize the assembled protein capsid.     
 The function has not been proven.  With a high-resolution structure now 
available, site-directed mutagenesis experiments at amino acid resolution for the 
first time are now possible in the P22 coat protein.  This may help determine the 
domain’s function.  One functionally relevant set of experiments involves 
mutagenesis of D-loop residues in order to test the hypothesis that the intersubunit 
interactions are responsible for stabilizing the P22 procapsid and virion.  This is 
easily done using a standard set of in vitro and in vivo assembly and stability assays.  
 The location of the previously known tsf mutants (Teschke and Parent, 2010) 
can also now be analyzed in the context of the high-resolution structure of the I-
domain.  The location of the amino acid substitutions seem to map primarily to 
secondary structure elements in the I-domain.  They are relatively evenly 
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distributed to all sizes of the protein, and are not, for instance, solely on the face of 
the domain that touches the HK97 core of the coat protein.  These amino acid 
substitutions destabilize the native state of the protein, so it makes sense that they 
would be found in what we now know are structurally important regions of the I-
domain (Figure 25).   
 Beyond the biological question about the function of the I-domain in P22, 
there is also a technological question.  The evolution of viruses in size, stability, 
fidelity of architecture, cargo packaging, and packaging efficiency over millions or 
billions of years makes them an enticing candidate for nano-biotechnological 
applications.  The P22 capsid has been used, for instance, to encapsidate protein 
cargo by creating a fusion-protein construct with the scaffolding protein in vitro 
(O'Neil et al., 2011).  Because the I-domain faces the outside of the capsid, toward 
the environment, it is not hard to imagine applications where reactive cysteine or 
other residues are inserted by site-directed mutagenesis onto the coat protein 
surface in the I-domain and functionalized for, for instance, target recognition.  Any 
effect the domain may have on stabilization of the capsid would also be relevant in 
cargo unpacking, which is a challenge because the P22 capsid is very stable.   
 Finally, this may be the first case in which a de novo cryo-EM Cα-traced 
structure has been followed up by a high-resolution structure calculated using NMR 
or X-ray crystallography.  Considering icosahedrally symmetric structures like virus 
particles are among the most favorable case for structure determination using single 
particle cryo-EM reconstruction because of the massive averaging it affords to 
increase signal/noise, the discrepancy in structures between the two cryo-EM 
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models from Chen et al. (2011) and Parent et al. (2010) and the NMR structure is 
striking. The NMR structure of the I-domain shows that in the case of de novo 
structure determination, structural biologists must be careful when using cryo-EM 
structures for further applications that require atomic or residue-level resolution. 
 
 
 
 
 
 
 
 
 Figure 21.  NMR structure of the I
the mean of the bundle of 30 structures.
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-domain.  The structure displayed is the closest to 
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Figure 22.  A bundle of 30 NMR structures of the I-domain.   
 
 
 
 
 
  
Figure 23.  The amide proton solvent exchange
structure. The green residues are those that were protected from exchange.  The 
magenta residues are those that 
hours at pH=6.0.  The protection clearly maps to the secondary structure elements 
as expected. 
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 pattern mapped onto the NMR 
exchanged with deuterium in the solvent within
 
 2.5 
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Figure 24.  Strutural homology to the transcription factor eIF-2γ is shown.  The I-
domain is pictured in magenta and the transcription factor is pictured in green 
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Figure 25.  The location of tsf mutants is pictured in red. They appear to be 
distributed primarily to secondary structure elements. 
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Appendix I: D-loop deletions 
 The following mutations were introduced into pMS11 and transformed into 
7136 for expression.  All expression/solubility tests were performed using the 
standard lab protocols.  It did not appear that there was great expression, but the gel 
ended up overloaded so it was maybe a bit hard to tell.  Therese has since repeated 
this experiment. 
Construct DH5α stock/7136 stock 
Δ244 579/580 
Δ245-249 581/582 
Δ244-246 583/584 
Δ244-253 585/586 (never successfully got good sequencing) 
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Appendix II:  NMR of the P22 scaffolding protein 
 The scaffolding protein purification protocol can be found on the lab 
computer.  All expression/solubility tests were performed as written in the 
standard lab protocols.  Expression of most of the constructs at 30 °C (4 hours) 
significantly inhibited bacterial growth.  Expression of the Δ1-72 construct inhibited 
bacterial growth but was still purified.  The protein that was produced that was not 
very soluble or very stable in the buffer used (20 mM sodium phosphate).  Other 
constructs that inhibited E. coli growth were not purified.   
 The most promising candidate was the 1-141 (Δ142-303) fragment that 
expressed well, was completely soluble, and was purified with high yield.   
Unfortunately, the HSQC looks like an unfolded protein (Figure A-1) based on weak 
dispersion.  The peaks appear to have random coil shifts, although perhaps there are 
a few slightly dispersed peaks that also have slight broadening (pointed out by 
Andrei) that may indicate a small structured portion.  117 peaks were picked, 
versus 141 (150 including his6 tag) expected.  It might be possible to try very limited 
proteolysis to try and find a small structure region among what looks to be a 
predominantly unfolded N-terminus fragment.    
 The C-terminus fragment 142-303 (Δ1-141) was also considered as an NMR 
target.  After discussion with Peter Prevelige, it looks like the work from the initial 
paper where they looked at this construct (Parker et al., 1997) resulted in the C-
terminal helix-turn-helix paper because most of the protein (residues 141-280) was 
unfolded (Sun et al., 2000).   
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 Full-length scaffolding protein (unlabeled) was looked at using a 1H 1-D.  This 
was done using protein purified by others that was in the -80 °C freezer.  No signal 
was ever observed.  This seems to possibly be because of two reasons.  Of course the 
unfavorable transverse relaxation of such a large protein, but also possibly because 
of incorrect scaffolding protein concentration.  During scaffolding protein 
purification there is a tendency to have DNA contamination.  Because DNA has such 
a high extinction coefficient, a small amount of DNA can throw off the protein 
concentration by a large factor.  This concentration error (possibly up to orders of 
magnitude error) may be the reason the otherwise sensitive 1-D experiment failed. 
  15N-labelled full-length scaffolding protein was prepped once, and although 
decent expression was obtained, a lot was lost during purification (after ammonium 
sulfate precipitation, it wouldn’t go back into solution) and there wasn’t enough for 
an HSQC.    
 Overall, considering the size of the protein and the resulting spectral 
complexity, it may not be worthwhile pursuing a structure of this protein.  If the 
protein was this size and highly structured, it would be one thing, but structured all-
helical proteins already have degeneracy problems.  Because scaffolding protein is 
believed to contain significant random coil, the problem would worsen. 
 
 
 
 
 
 Construct Bacteria growth 
(OD after 4 
hours 
expressing)
Δ1-56 ~1 (not good)
Δ1-57 ~1 
Δ1-72 ~1 
Δ1-84 ~1 
Δ1-86 ~1 
Δ1-90 ~1 
Δ1-100 ~1 
Δ1-102 ~1 
Δ142-303 ~2 (good)
Δ1-141  
 
  
Figure A-1.  HSQC of the Δ142
region of the spectrum indicates the
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Soluble HSQC? 
 not very  
  
not very, tried 
to purify but 
lost a lot in 
purification 
 
  
  
  
not very, tried 
to purify but 
lost a lot in 
purification 
 
  
 Very soluble, 
great protein 
yield 
Looks unfolded 
by HSQC 
(Figure A-1) 
 Discussed in 
text 
-303 fragment.  Clustering of peaks in the random coil 
 protein is mostly unfolded. 
Masterstock # 
570 
571 
572 
573 
574 
575 
576 
577 
578 
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Appendix III:  Other important protocols 
1) I-domain purification ϕ on lab computer in alex → protocols from appendix of 
thesis 
2) Scaffolding protein purification ϕ on lab computer 
3) Gel recipe for RDCs ϕ p.50 in NMR II notebook, also read thesis 
4) Perdeuteration protocol ϕ on lab computer 
5) For deletion (also works for insertions) of nucleotides in a plasmid using PCR 
ϕ on lab computer 
6) Practical NMR stuff on Analysis and Aria use (probably very useful for doing 
assignments and structure) 
7) Glycerol stock of I-domain overexpressor in BL21 in 90% deuterium oxide is 
master stock #592.  Do not streak this out onto a regular plate.  Either streak 
onto minimal media plate made with deuterium oxide, or (more likely0 stab 
directly into liquid culture made with 100% deuterium oxide. 
8) I-domain protein stocks (-80 freezer):  Tons of 15N labeled I-domain in ~1.7 
mM and ~0.5 mM concentrations.  A couple vials each of double- and triple- 
labeled I-domain at ~1.7-~1.8 mM concentrations.   
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